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ABSTRACT 
This r e p o r t  desc r ibes  exp lora to ry  concepts i n v e s t i g a t e d  by t h e  Nat ional  
.Aeronautics and Space Administrat ion t o  achieve a reduct ion i n  $he vortex-  
induced r o l l i n g  upse t s  produced by heavy a i r c r a f t  t r a i l i n g  vor texes .  The 
i n i t i a l  tests included t h e  use  of m a s s  i n j e c t i o n ,  o s c i l l a t i n g  devices ,  
wingtip shape design,  i n t e r a c t i n g  m u l t i p l e  vor texes ,  and end p l a t e s .  
Although later refinements of some of t h e s e  concepts w e r e  success fu l ,  i n i t i a l  
test  r e s u l t s  d i d  not  i n d i c a t e  a c a p a b i l i t y  of these  concepts t o  s i g n i f i c a n t l y  
a l ter  t h e  vortex- induced r o l l i n g  upse t  on a fol lowing a i r c r a f t .  
INTRODUCTION 
The Nat ional  Aeronautics and Space Administrat ion has  been conducting 
an ex tens ive  program t o  f i n d  methods f o r  the reduc t ion  of t h e  opera t iona l  
c o n s t r a i n t s  imposed by t r a i l i n g  vor texes  from l a r g e  j e t  a i rcraf t  dur ing 
terminal- area opera t ions .  
( r e f s .  1 t o  ll), t h e o r e t i c a l  s t u d i e s  ( r e f s .  1 2  t o  16), and f l i g h t  tests 
( r e f s .  1 7  t o  20) of concepts and techniques t h a t  would reduce t h e  r o l l i n g  
upset  on a smaller fol lowing a i r c r a f t .  During t h e  course  of t h e  resea rch  
program, several areas were i d e n t i f i e d  as having some success  i n  reducing t h e  




upse t  on a following a i r c r a f t .  
has been shown t o  alter t h e  vor tex  s t r u c t u r e  by premature aging and d i s s i p a t i o n  
( r e f s .  1 7  and 21). The combined e f f e c t s  of t h e  turbulence and momentum impulse 
from j e t  engines have been shown t o  change t h e  vo r t ex  s t r u c t u r e  ( r e f .  22) .  
I n  a d d i t i o n  t o  turbulence i n j e c t i o n ,  t h e  f a r - f i e l d  s t r u c t u r e  of t r a i l i n g  
vor texes  can be  a f f e c t e d  by a l t e r a t i o n  of t h e  span-load d i s t r i b u t i o n  t o  shed 
mu l t i p l e  vor texes  ( r e f s .  9 ,  23,  and 2 4 ) ,  which mutually interact t o  reduce 
t h e  vo r t ex  s t r eng th .  
load a l t e r a t i o n  w e r e  i nves t i ga t ed  through t h e  use  of s p o i l e r s  ( r e f s .  9 ,  10, 
20, and 25). 
The i n j e c t i o n  of turbulence i n t o  t h e  vor tex  
The combined e f f e c t s  of turbulence i n j e c t i o n  and span- 
During t h e  development of these  promising techniques,  several concepts 
and i dea s  i nves t i ga t ed  were shown t o  alter t h e  t r a i l i n g  vo r t ex  s t r u c t u r e  i n  
varying degrees  without s i g n i f i c a n t l y  a l t e r i n g  t h e  upset  experienced by a 
following a i r c r a f t .  This  paper summarizes t he  numerous concepts i nves t i ga t ed  
t h a t  d i d . n o t  m e e t  t h e  primary program ob j ec t i ve  of achieving a reduc t ion  i n  



















wingspan of fol lowing model used t o  measure r o l l i n g  moment, m 
wingspan of vo r t ex  genera tor  model, m 
l o c a l  wing chord, m 
rolling-moment c o e f f i c i e n t  on following model, 2M/pS b V 
mass rate c o e f f i c i e n t ,  &/pS v 
momentum c o e f f i c i e n t ,  2liiV. l p s  V 
mass rate , kg/s 
measured r o l l i n g  moment, N-m 
d i s t ance  from c e n t e r  of vor tex ,  m 
wing area of following.mode1 used t o  measure r o l l i n g  moment, m 
wing area of vor tex  generator  model, m 
j e t  v e l o c i t y ,  m / s  
free- stream v e l o c i t y ,  m / s  
2 
f f O  
g o  2 




t a n g e n t i a l  v e l o c i t y  i n  a vor tex ,  m / s  
downstream d i s t a n c e  behind t h e  v o r t e x  genera tor  model, m 
% 
X 
P f l u i d  dens i ty ,  kg/m 3 
PRESENTATION OF RESULTS 
In  genera l ,  t h e  i n v e s t i g a t i o n  of a p a r t i c u l a r  concept began w i t h  a 
pre l iminary  eva lua t ion  through t h e  flow v i s u a l i z a t i o n  of t h e  v o r t e x  p a t t e r n  
wi th  and wi thout  t h e  vor tex- a l lev ia t ion  concept. A l l  of t h e  test f a c i l i t i e s  
used i n  t h e  vor tex  minimization program (wing tunnels  and water and air  tow 
f a c i l i t i e s  ( r e f .  26)) provided an adequate v i s u a l  assessment of t h e  vor tex  
a l l e v i a t i o n  c a p a b i l i t i e s  of a p a r t i c u l a r  concept. I f  t h e  i n i t i a l  flow 
v i s u a l i z a t i o n  i n d i c a t e d  a change i n  t h e  v o r t e x  s t r u c t u r e ,  a q u a n t i t a t i v e  
assessment of t h e  e f f e c t i v e n e s s  w a s  undertaken. The q u a n t i t a t i v e  assessment 
w a s  obta ined by d e t a i l e d  v e l o c i t y  measurements o r ,  as descr ibed i n  re fe rence  
26, by a determinat ion of t h e  vortex- induced r o l l i n g  moment imposed on a 
t r a i l i n g  wing model. 
It w a s  assumed during f low- visual iza t ion s t u d i e s  t h a t ,  i n  order  f o r  a 
concept t o  b e  e f f e c t i v e  i n  reducing t h e  vor tex  r o l l i n g  upset  on a fol lowing 
a i r c r a f t ,  a l a r g e  v i s u a l  change i n  t h e  v o r t e x  flow would b e  d e t e c t a b l e .  Severa l  
concepts w e r e  e l iminated from f u r t h e r  cons ide ra t ion  on t h e i r  i n a b i l i t y  t o  
v i s u a l l y  a l te r  t h e  v o r t e x  flow p a t t e r n .  
t o  v i s u a l l y  al ter  t h e  f low whi le  causing a measurable change i n  t h e  vor tex  
v e l o c i t y  d i s t r i b u t i o n ,  without  s i g n i f i c a n t l y  reducing t h e  r o l l i n g  upset  on a 
t r a i l i n g  wing. Addi t ional ly ,  c e r t a i n  techniques t h a t  were evaluated on 
s t r a i g h t  wings w e r e  found t o  b e  less e f f e c t i v e  when app l ied  t o  t h e  m u l t i p l e ,  
d i f f u s e  v o r t e x  system shed by a f lapped,  swept, l a r g e  t r anspor t type  wing. 
Conversely, some concepts w e r e  found 
Many of t h e  concepts descr ibed i n  t h i s  paper,  although u n s u i t a b l e  f o r  
minimization of t h e  v o r t e x  hazard behind a l a r g e  t r a n s p o r t  a i r c r a f t ,  may have 
o t h e r  vor tex- re la ted  aerodynamic b e n e f i t s .  Two p o s s i b l e  b e n e f i t s  are t h e  
reduc t ion  of vortex- induced h e l i c o p t e r  b lade  loads  caused by t h e  impingement 
of t h e  preceding-blade vor tex  (blade s l a p )  and t h e  reduc t ion  of a i r c r a f t  c r u i s e  
drag. It may b e  p o s s i b l e  t o  f u r t h e r  r e f i n e  some of t h e  techniques described 
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t o  achieve an acceptab le  reduc t ion  i n  vortex- induced upset.  I n  f a c t ,  some of 
t he  unsuccessful  concepts explored w e r e  later r e f ined  t o  t h e  s t a g e  of suc- 
c e s s f u l  app l i ca t ion .  
The concepts and techniques descr ibe  have been divided i n t o  two broad 
ca tegor ies  f o r  discussion:  (1) a c t i v e  devices and (2) passive devices .  The 
a c t i v e  devices attempted t o  a l ter  the  vor tex  by emi t t ing  e i t h e r  a s h e e t  o r  
j e t  of a i r  a t  var ious  pos i t i ons  on t h e  wing, o r  through -o s c i l l a t i n g  devices 
t o  c r e a t e  an  i n s t a b i l i t y  i n  t h e  shed vo r t ex  shee t .  The passive devices 
attempted t o  a l te r  the  vo r t ex  by con t ro l l i ng  o r  a l t e r i n g  the  flow about the  
wing. 
Active Devices 
BZming  Concepts 
U s e  of mass i n j e c t i o n  o r  a i r  blowing w a s  explored i n  many d i f f e r e n t  
forms. 
i n j e c t  a i r  i n  the  vor tex  a x i a l  d i r e c t i o n .  
on a s t r a i g h t  wing, is  shown i n  f i g u r e  1. 
during the  i n i t i a l  eva lua t ion  of t h i s  concept ( r e f .  27) i nd i ca t ed  a v i s u a l  
a l t e r a t i o n  i n  t h e  vo r t ex  s t r u c t u r e  as blowing increased.  
The s implest  form of blowing cons is ted  of an a i r  j e t  loca ted  so as t o  
This  concept,  as i t  w a s  evaluated 
Flow v i s u a l i z a t i o n  s t u d i e s  conducted 
Hot-wire anemometer 
measurements of t h e  vo r t ex  t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n ,  wi th  and without  
blowing, are shown i n  f i g u r e  2. The d a t a  i n d i c a t e  a s i g n i f i c a n t  reduct ion i n  
peak t a n g e n t i a l  ve loc i ty ;  however, rolling-moment measurements of the  vortex-  
induced r o l l  on a following model, us ing the  technique descr ibed i n  re fe rence  
26 and shown i n  f i g u r e  3 ,  i nd i ca t ed  no apparent reduct ion as blowingincreased.  
Although a s i g n i f i c a n t  reduc t ion  i n  t he  vor tex  imposed r o l l i n g  moment could 
no t  be  achieved with  t h i s  concept, t h e  achievable  reduc t ion  i n  peak vo r t ex  
t a n g e n t i a l  v e l o c i t y  ( f i g .  2) may be s i g n i f i c a n t  when appl ied t o  t h e  vo r t ex  
impingement blade- slap problem of he l i cop te r s .  
The j e t  blowing concept was  evaluated on a swept-wing t r a n s p o r t  model. 
It w a s  envisioned t h a t  t h e  j e t  would be  provided by a s m a l l  engine loca ted  
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on t h e  wingtip.  
f i g u r e  4, w e r e  small compared t o  t h e  propuls ion engines  and would provide on ly  
about 8 t o  10  percent  of t h e  t h r u s t  requi red  f o r  cruise. N o  d e t e c t a b l e  reduc- 
t i o n  i n  vortex-imposed r o l l i n g  moment w a s  measured during the  eva lua t ion  of the  
wingtip-mounted engines.  
j e t  engines of t r a n s p o r t  a i r c r a f t  have been shown t o  a l ter  t h e  cha rac t e r  of 
t h e  t r a i l i n g  vo r t ex  system ( r e f .  22),  one of t he  reasons f o r  t h e  i n a b i l i t y  of 
t h e  wingtip-mounted engines ( f i g .  4 )  o r  t he  j e t  blowing ( f i g .  1) t o  reduce t h e  
vo r t ex  hazard w a s  t he  r e l a t i v e l y  low mass flow and momentum c o e f f i c i e n t s  used 
f o r  t hese  tests (C& = 0.0008 and Cp = 0.02) 
The wingtip-mounted engines ,  shown on t h e  t r a n s p o r t  model i n  
Because t h e  l a r g e  mass flow and t h r u s t  levels of t he  
Several techniques f o r  blowing a s h e e t  of air  from a wingt ip  t o  i n h i b i t  
t h e  formation of t he  vor tex  have been t r i e d .  Figure  5 i l l u s t r a t e s  two tech- 
niques t h a t  w e r e  evaluated on a s t ra ight- wing model t o  i n h i b i t  t h e  wingt ip  
vor tex  formation.  Figure  5 (a )  i l l u s t r a t e s  t he  means by which a chordwise 
s h e e t  of a i r  w a s  blown downward from the  wingt ip ,  whi le  f i g u r e  5(b)  shows how 
a tube w a s  extended from the  t r a i l i n g  edge of t h e  wingt ip  t o  blow a s h e e t  of 
a i r  downward i n  t h e  spanwise d i r e c t i o n .  Vortex-induced rolling-moment meas- 
urements obtained on a following model 7.5 span lengths  behind t h e  generat ing 
model, wi th  t hese  two techniques,  are shown i n  f i g u r e  6. 
w a s  found t o  be the most e f f e c t i v e .  The r e s u l t s  of a d e t a i l e d  s tudy of t he  
spanwise blowing concept ( f i g .  5 (b) )  are descr ibed i n  r e f e rence  28. A s  re- 
ported i n  re fe rence  28 and shown i n  f i g u r e  7,  t h e  spanwise blowing provided a 
s i g n i f i c a n t  improvement i n  t h e  wing l i f t / d r a g  r a t i o .  
Spanwise blowing 
The spanwise t i p  blowing concept w a s  evaluated on a l a r g e  j e t  t r anspor t  
model i n  t h e  manner i l l u s t r a t e d  i n  f i g u r e  8. The spanwise blowing concept w a s  
found t o  provide an improvement i n  t he  c l e a n  wing ( c r u i s e  conf igura t ion)  l i f t -  
to-drag r a t i o  of t h e  j e t  t r anspor t  model, as shown i n  f i g u r e  9. However, t he  
measured improvement i n  l i f t- to- drag  r a t i o  w a s  n o t  as l a r g e  as t h a t  found f o r  
t he  straight-wing tests of re fe rence  28. In  add i t i on ,  no s i g n i f i c a n t  change 
i n  t he  l i f  t- to-drag r a t i o  of the  flaps-down ( landing approach) conf igura t ion  
of t he  t r a n s p o r t  model due t o  spanwise blowing w a s  noted.  
r o l l i n g  moment on a small-wing model (b / b  
model, f o r  both t h e  flap-down and clean-wing conf igura t ion ,  as a func t ion  of 
The vortex- induced 
= 0.182) behind t h e  t r anspor t  
f g  
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increased spanwise blowing i s  shown i n  f i g u r e  10. 
reduc t ion  i n  r o l l i n g  moment as blowing i s  increased  f o r  t h e  c r u i s e  configura-  
t ion ;  however, no e f f e c t  w a s  noted f o r  t he  flap-down conf igura t ion .  Because 
the  flap-down conf igura t ion  creates a complex vor tex  s t r u c t u r e  made up of 
wingt ip  and f l a p  vor texes ,  i t  was  expected t h a t  spanwise blowing a t  only t h e  
wingt ip  might n o t  in f luence  t h e  l a r g e  f l a p  vor tex .  
us ing a crude implementation of t h e  spanwise blowing concept on the  outboard 
edges of t h e  f l a p s .  These tests d id  no t  show a reduct ion i n  r o l l i n g  moment 
f o r  t h e  flap-down conf igura t ion .  
The da t a  show a s m a l l  
Some tests w e r e  conducted 
Other v a r i a t i o n s  of blowing techniques have been inves t iga t ed  and are 
i l l u s t r a t e d  i n  f i g u r e  11. 
( r e f .  6) i nd i ca t ed  a reduc t ion  i n  t he  peak t angen t i a l  v e l o c i t y  f o r  t he  c r u i s e  
conf igura t ion ,  b u t  no reduc t ion  w a s  noted f o r  t h e  flaps-down conf igura t ion .  
The i n a b i l i t y  of t h e  conf igura t ions  shown i n  f i g u r e  11 t o  a l ter  the  vor tex  
s t r u c t u r e  f o r  t h e  flap-down conf igura t ion  i s  probably due t o  t h e  low momentum 
and mass flow used and t h e  implementation of these  concepts a t  t he  wingt ip .  
Hot-wire measurements behind these  conf igura t ions  
OseiZZating Devices 
In t roduc t ion  of a c y c l i c  d i s turbance  i n t o  t h e  shed vor tex  shee t  w a s  
i nves t iga t ed  i n  an a t tempt  t o  t r i g g e r  a dynamic i n s t a b i l i t y  w i th in  t h e  flow 
f i e l d  t h a t  would lead  t o  i t s  co l lapse .  Veloci ty  measurements of t he  j e t  mass- 
i n j e c t i o n  technique ( f i g .  2) i nd i ca t ed  an a b i l i t y  t o  a l ter  the  d e t a i l s  of t h e  
vo r t ex  core , -and  e f f e c t s  of c y c l i c a l l y  varying the  j e t  by turning i t  on and o f f  
wi th  a h igh ly  responsive va lve  w e r e  i nves t iga t ed .  The j e t  could be pulsed t o  
provide a j e t  on t i m e  of 2 t o  1 4  wingspans behind t h e  model and a j e t  off  t i m e  
of between 2 and 60 span lengths  behind the  model. The mass flow and mo- 
mentum of t h e  j e t  f o r  t h e  t i m e  t he  va lve  w a s  open were s i m i l a r  t o  those used 
i n  t h e  test se tup  of f i g u r e  1. The pu l sa t ing  j e t  d id  no t  appear  t o  induce a 
v i s u a l  i n s t a b i l i t y  i n  t h e  vortex.  
T e s t s  were conducted of a s m a l l  o s c i l l a t i n g  s p o i l e r  on a l a r g e  t r a n s p o r t  
model, as i l l u s t r a t e d  i n  f i g u r e  12 .  The s p o i l e r  could be  c y c l i c a l l y  deployed 
226 
4 
s o  as t o  in t roduce  a d is turbance  wave of 1.5 t o  1 3  spans behind t h e  vo r t ex  
generator  model. This s p o i l e r  w a s  l oca t ed  i n  a d i f f e r e n t  p o s i t i o n  and w a s  
smaller than  t h e  succes s fu l  s p o i l e r  concept repor ted  i n  re fe rence  25. The 
o s c i l l a t i n g  s p o i l e r  w a s  found i n e f f e c t i v e  i n  a l t e r i n g  t h e  vo r t ex  p a t t e r n  shed 
by t h e  t r a n s p o r t  model i n  a flaps-down landing approach configurat ion.  
pa ren t ly ,  because of i ts  p o s i t i o n  on t h e  wing, t h e  d i s turbance  shed by the  
s p o i l e r  w a s  no t  being introduced i n t o  t h e  vo r t ex  system f o r  t h e  flap-down 
conf igura t ion .  
t h e  t r anspor t  model i n  a flaps- up c r u i s e  conf igura t ion ,  as i l l u s t r a t e d  i n  
f i g u r e  13. While t he  s p o i l e r  w a s  deployed, the vo r t ex  core  diameter w a s  
apparent ly  increased ;  and whi le  t he  s p o i l e r  w a s  down, t h e  v o r t e x  co re  w a s  
unaffected.  
of varying core  diameter immediately behind the  a i r c r a f t .  
s p o i l e r  w e r e  washed ou t  beyond about s i x  spans behind t h e  a i r c r a f t .  
r o l l i n g  moment on a t r a i l i n g  a i r c r a f t  model w a s  found t o  be  reduced over the  
test range of 6 t o  45 spans behind t h e  t r a n s p o r t  a i r c r a f t ;  however, t he  
reduc t ion  w a s  independent of t he  frequency of o s c i l l a t i o n .  The same reduc t ion  
a l s o  could b e  achieved by leaving t h e  s p o i l e r  i n  t h e  deployed pos i t i on .  Tests 
were unsuccessful  i n  e x c i t i n g  a vo r t ex  i n s t a b i l i t y .  
Ap- 
The o s c i l l a t i n g  s p o i l e r  a l t e r e d  t h e  vo r t ex  p a t t e r n  shed by 
A s  shown i n  f i g u r e  13,  the  o s c i l l a t i n g  s p o i l e r  produced a vo r t ex  
The e f f e c t s  of t he  
The 
These two o s c i l l a t i n g  techniques int roduced long i tud ina l  d i s turbances  
i n  t he  vortex.  Cycl ic  v a r i a t i o n  of t h e  load d i s t r i b u t i o n ,  s o  as t o  o s c i l l a t e  
t he  cen t ro id  of v o r t i c i t y  of t he  wing t o  produce a v a r i a t i o n  of t he  vo r t ex  
spacing and provide a la tera l  d i s turbance ,  has been inves t iga t ed .  
of these  tests are presented i n  re fe rence  29. As  repor ted  i n  r e f e rence  29, t h e  
Crow i n s t a b i l i t y  ( r e f .  30) can be i n i t i a t e d .  It i s  f e l t  t h a t  f o r  t h e  modest 
s h i f t s  i n  load d i s t r i b u t i o n  t h a t  can be  obtained on ope ra t iona l  a i r c r a f t ,  t h e  
s h i f t  i n  vo r t ex  spacing would be s m a l l  and the  t i m e  requi red  f o r  t he  i n s t a b i l i t y  
t o  cont inue t o  l i nk ing  and v o r t e x  breakup would be  too  long t o  s i g n i f i c a n t l y  
a l t e r  t h e  v o r t e x  hazard.  
The r e s u l t s  
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Passive Devices 
The u s e  of end p l a t e s  and v a r i a t i o n s  of the  end-plate concept have been 
inves t iga ted .  Figure  1 4  shows t h r e e  end-plate concepts evaluated.  During 
flow v i s u a l i z a t i o n  s t u d i e s ,  t h e  b a s i c  end p l a t e  ( f i g .  14(a ) )  w a s  found t o  
s l i g h t l y  i n h i b i t  t h e  r o l l u p  of t h e  vo r t ex  s h e e t  shed by the wing; however, 
a f t e r  t h e  r o l l u p  w a s  complete, t h e  vor tex  s t r u c t u r e  did n o t  appear t o  b e  
d i f f e r e n t  than without t h e  end p l a t e .  A v a r i a n t  of t h e  end p l a t e  is  t h e  body 
of r evo lu t i on  ( f i g .  14(b))  t h a t  had an opening i n  the  cen t e r  t o  al low a mixing 
of t h e  flow which passed through t h e  cen t e r  wi th  t h e  e x t e r i o r  flow. This de- 
vice w a s  observed t o  a l te r  t h e  vo r t ex  only s l i g h t l y .  To i nc r ea se  t h e  mixing 
between t he  f l u i d  t h a t  passed through t h e  body of revoluion and e x t e r i o r  flow, 
tu rn ing  vanes ( f i g .  14(c))  w e r e  placed i n s i d e  t he  body of revo lu t ion  t o  impart  
a s w i r l  oppos i te  t h e  vor tex .  The tu rn ing  vanes d i d  not  v i s i b l y  alter t h e  
vor tex.  
A very e f f i c i e n t  end- plate design known as a "winglet," which w a s  
developed f o r  improved c r u i s e  e f f i c i e n c y ,  w a s  evaluated t o  determine its 
e f f e c t  on t h e  t r a i l i n g  vo r t ex  s t r u c t u r e .  
wing le t s  as i n s t a l l e d  on t h e  l a r g e  j e t  t r anspo r t  model. Resul ts  i n d i c a t e  t h a t  
f o r  t h e i r  intended design a reduc t ion  of c r u i s e  d rag  of about 8 percent  was  
achieved on a second-generation t r anspo r t  model. T e s t s  conducted i n  t h e  
Langley Research Center ' s  Vortex Research F a c i l i t y  ( ref  26) ind ica ted  t h a t  
t he  wing le t s  reduced t h e  r o l l i n g  moment on a t r a i l i n g  wing 10 t o  15 percent  
f o r  t h e  t r anspo r t  i n  a clean-wing c r u i s e  conf igurat ion.  Tests conducted 
wi th  t h e  t r a n s p o r t  model i n  a flaps-down landing approach donf igura t ion  showed 
no reduc t ion  of t he  v o r t e x  system due t o  t h e  wingtip-mounted winglets .  
a t tempt  w a s  made t o  implement t h e  wing le t s  on t h e  f l a p  system of t h e  t r a n s p o r t  
a i r c r a f t .  
Figure  15 i s  a photograph of 
No 
Reduction of t h e  loading g rad i en t  a t  t h e  wingt ip  has been i nves t i ga t ed  
us ing t h e  wingt ip  design (ogee t i p )  shown i n  f i g u r e  16. Figure  1 7  shows t h e  
reduc t ion  i n  peak t a n g e n t i a l  v e l o c i t y  measured a t  one span behind t h e  ogee 
t i p .  Simple s t r ip- theory  ca l cu l a t i ons  from t h e  vo r t ex  v e l o c i t y  d i s t r i b u t i o n  
( f i g .  17)  of t h e  vortex-imposed r o l l i n g  moment on a t r a i l i n g  a i r c r a f t  showed 
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very l i t t l e  reduc t ion  i n  r o l l i n g  moment. 
considered s u i t a b l e  f o r  minimization of t h e  wake vo r t ex  hazard. 
ogee t i p ,  along with  o the r  concepts t h a t  reduce t h e  vortex-peak t a n g e n t i a l  
v e l o c i t y  without  reducing s i g n i f i c a n t l y  t h e  vo r t ex  imposed r o l l i n g  moment on 
a t r a i l i n g  a i r c r a f t ,  may have o the r  vor tex- re la ted  app l i ca t ions .  I n  p a r t i c-  
u l a r ,  
passage of a r o t o r  b lade  through t h e  l a r g e  v e l o c i t y  g rad ien t s  a s soc i a t ed  wi th  
t h e  vor tex  from a preceding blade.  
reducing h e l i c o p t e r  b l ade  s l ap .  
Consequently, t he  concept w a s  no t  
However, t h e  
t h e  blade- slap problem f o r  h e l i c o p t e r  opera t ions  is r e l a t e d  t o  t h e  
The ogee t i p  has  shown some promise i n  
Another technique inves t iga t ed  f o r  vo r t ex  a l l e v i a t i o n  w a s  t o  e x t r a c t  
r o t a t i o n a l  energy from the  vor tex  system by t r a i l i n g  a set of l a r g e  f ixed-  
crossed b lades  a t tached  to  t h e  wingt ip  t o  i n h i b i t  t he  vo r t ex  r o t a t i o n  ( f i g .  
18) .  
shown i n  f i g u r e  19. 
would no t  produce a s i g n i f i c a n t  reduct ion i n  t h e  vortex-imposed r o l l i n g  
moment on a t r a i l i n g  a i r c r a f t .  
Veloci ty  d i s t r i b u t i o n s  obtained 2.5 spans behind the  crossed b lades  are 
The a l t e r a t i o n  i n  vo r t ex  v e l o c i t y  d i s t r i b u t i o n  ( f i g .  19) 
I n i t i a l  tests of wingt ip  devices and v o r t e x  genera tors  t o  produce 
mul t ip le  vor texes  t h a t  w i l l  i n t e r a c t  have been conducted ( f i g .  20). Flow 
v i s u a l i z a t i o n  s t u d i e s  on a s t ra ight- wing model, of t h e  two techniques shown i n  
f i g u r e s  20(a) and 20(b),  ind ica ted  l i t t l e  b e n e f i c i a l  e f f e c t  from the  in-  
t e r a c t i o n  of m u l t i p l e  vor texes .  
model behind t h e  mu l t i p l e  vor tex  system, shown i n  f i g u r e  20(c) ,  i nd i ca t ed  no 
reduct ion i n  t h e  vor tex  hazard.  Later, more succes s fu l  tests of t h e  i n t e r a c t i o n  
of mu l t i p l e  v o r t e x  systems, obtained by a l t e r a t i o n  of t h e  l i f t  d i s t r i b u t i o n  
( r e f .  24), i n d i c a t e  a requirement t o  maintain  the  proper vor tex  s t r e n g t h  and 
Rolling-moment measurement obtained on a 
spacing t o  produce succes s fu l  i n t e r a c t i o n s  of vor texes .  The t h e o r e t i c a l  
e f f o r t s  descr ibed i n  re fe rence  16  provide a n  i n d i c a t i o n  as t o  t h e  requi red  
r e l a t i o n s h i p  f o r  spacings and s t r e n g t h s  of mu l t i p l e  vor texes  t o  achieve 
vo r t ex  merging and d i s s i p a t i o n .  
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CONCLUDING REMARKS 
During the conduct of t h e  NASA program t o  develop vo r t ex  minimization 
schemes, numerous concepts w e r e  evaluated that were no t  capable of achieving 
a s i g n i f i c a n t  reduc t ion  of t h e  vortex-imposed r o l l i n g  moment on a t r a i l i n g  
a i r c r a f t .  
and m a s s  flow levels s i g n i f i c a n t l y  lower than t h a t  used f o r  c r u i s e  propuls ion 
would n o t  s i g n i f i c a n t l y  reduce t h e  vor tex  hazard. 
t h a t  t h e  b e n e f i c i a l  i n t e r a c t i o n  of mu l t i p l e  vor texes  requ i red  the/ proper 
r e l a t i o n s h i p  between spacing and s t r eng th .  
capable  of achieving a s i g n i f i c a n t  reduct ion of the vor tex  hazard,  they w e r e  
shown t o  b e  capable of reducing t h e  induced drag f o r  c r u i s e  performance 
improvement. Tests t o  d a t e  have been unable t o  excite a dynamic i n s t a b i l i t y  
of t h e  vo r t ex  system by using a cycl ic- dis turbance input .  
Early tests ind i ca t ed  t h a t  t he  u se  of m a s s  i n j e c t i o n  a t  momentum 
I n i t i a l  tests a l s o  i nd i ca t ed  
Although several concepts were no t  
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Figure 1.--Model and test s e t u p  used f o r  the eva lua t ion  of axia l  mass i n j e c t i o n .  
(a)  Diagram of model. (b) Photograph of test  se tup .  
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MASS INJECTION 
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Figure 2.--Effect of m a s s  i n j e c t i o n  on vo r t ex  v e l o c i t y  d i s t r i b u t i o n .  
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Figure 3.--Measured r o l l i n g  moment on a following wing model as m a s s  i n j e c t i o n  
is  increased.  L i f t  c o e f f i c i e n t  = 0.73 on the  vo r t ex  genera tor ;  b /b 
X/bg = 6.67. 
= 0.18; 
f g  
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Figure 4.--Photographs of wingtip-mounted engines on transport model. (a) Front 
view. (b) Side view. 
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Figure 5.--Two techniques used t o  d i r e c t  a s h e e t  of a i r  downward from t h e  
wingtip.  (a)  Chordwise blowing downward from a rounded wingtip.  (b) Span- 
w i s e  blowing downward from an extended tube. 
TEST CONDITIONS 
ROUNDED WINGTIP  W I T H  CHORDWISE BLOWING (FIG. 5(a)I 
i12 
0 c,=o 
EI C, = ,018 
SPANWISE BLOWiNG FROM A TUBE (FIG. 5(b)) 
110 0 c , = o  
















Figure  7 --Change i n  
0 I,,.. 
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l i f  t-drag r a t i o  with spanwise blowing 
from r e f .  28.) 
TUBE ’ 
( f i g .  5 (b) ) .  (Data 
Figure  8.--Spanwise downward blowing a t  t h e  wingt ip  of a t r anspo r t  a i r c r a f t  
model. 
238 










J I I I I I 
0 2 4 6 8 10 
ANGLE OF ATTACK, DEG, 
Figure 9.--Change in lift-drag ratio with spanwise downward blowing at 
transport model wingtip in cruise configuration. 
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Figure 10.--Rolling moment measured by small-wing model (b /b = 0.182) a t  7.5 
f g  
spans behind a t r a n s p o r t- a i r c r a f t  model wi th  spanwise downward blowing a t  
t h e  wingt ip  ( f i g .  8) .  
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JET SHEET 
Figure  11.--Blowing devices i nves t i ga t ed  on t h e  wingt ip  of a l a r g e  t r a n s p o r t  
model. (a)  Forward blowing jet .  (b) Rearward blowing j e t .  (c) Upward 
de f l ec t ed  jet .  (d) Downward j e t  shee t .  
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OSCILLATES FROM 0 TO 90 DEGREES 
SECTION A-A 
Figure 12.--Oscillating spoiler device on large transport model. 
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VARIATION IN CORE SIZE 
4 SPANS 
Figure 13.--Effect on an oscillating spoiler on transport-model trailing 
vortices, in cruise configuration. 
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Figure 14.--The t h r e e  types  of wingt ip  end p l a t e s  evaluated.  (a)  Sheet end 
p l a t e .  (b) Body of r evo lu t ion  with  flow through cen te r .  (c )  Body of revolu-  
t i o n  wi th  turning vanes i n  cen te r .  
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Figure 15.--Photographs of wingtip-mounted winglets on transport model. (a) 
Side view. (b) Rear view. 
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Figure 16.--Modified wingtip shape (ogee tip). 
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Figure 17.--Effect of modified wingtip, shape (ogee t i p )  on vo r t ex  d i s s i p a t i o n .  
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Figure  19.--Effect of crossed b lades  ( f i g .  18) on vortex v e l o c i t y  d i s t r i b u t i o n .  
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Figure 20.--Techniques used t o  i n v e s t i g a t e  i n t e r a c t i o n  of m u l t i p l e  v o r t i c e s .  
(a)  Wingtip extension.  (b) Biplane wingt ip.  (c)  Large vo r t ex  genera tor  on 
t r a n s p o r t  a i r c r a f t  model. 
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